Bim, a proapoptotic BH3-only member of the Bcl-2 protein family, is required for central and peripheral deletion of T lymphocytes. Mechanisms regulating Bim activity in T cells remain poorly understood. We show that expression of Bim is up-regulated in human T cells after polyclonal or specific T cell receptor triggering. Induction of Bim was affected by the agonistic potency of MH-C:peptide ligands. Peptides that failed to induce Bim expression, failed to induce apoptosis in specific T cells, whereas partially agonistic ligands, which trigger death receptor-independent activation-induced cell death (AICD), induced Bim, but were inefficient in up-regulating Bcl-XL. Activation of protein kinase C and calcineurin appeared to be necessary and sufficient for Bim upregulation after T cell receptor ligation. Immunosuppressive drugs known to prevent T cell deletion in vivo, such as cyclosporin A or FK506, blocked Bim up-regulation and rescued T cells from death receptor-independent AICD, whereas rapamycin, which allows the development of stable immunological tolerance, did not exhibit these activities. These results define a new mode of Bim regulation, strongly implicate Bim as a mediator of AICD, and suggest that Bim up-regulation can be targeted to influence the outcome of specific immune responses.
D
eath of T lymphocytes in response to repeated antigenspecific stimulation or nonspecific TCR triggering is referred to as activation-induced cell death (AICD) (1) . AICD is believed to account for eventual elimination of the vast majority of specific lymphocytes expanding in response to a foreign antigen and to contribute to the development of transplant or peripheral self-tolerance (2, 3) .
Signaling through Fas and͞or tumor necrosis factor receptor I is usually required for AICD in vitro, whereas in vivo clearance of antigen-specific or superantigen-activated T cells is largely independent of these molecules (4) (5) (6) . Although death receptors (DRs) contribute to the process (4, 7, 8) , deletion of transplant or self-reactive T cells also involves a DR-independent apoptotic program (7, 9, 10) , which is blocked by overexpression of antiapoptotic proteins of the Bcl-2 family (11-13), but its molecular nature remains unclear.
Recent studies using gene knockout mice have identified Bim as a major regulator of apoptosis in the lymphoid system. Bim contains one region homologous to Bcl-2, the BH3 domain, and is referred to as a BH3-only proapoptotic member of the Bcl-2 protein family. Bim plays a critical role in both thymic and peripheral deletion of T lymphocytes (4, 14, 15) and is required for B cell death, in response to crosslinking of surface immunoglobulins (16) . Bim also triggers apoptosis in neurons, hematopoietic progenitors, and other types of cells, where its activity is regulated both at the level of protein expression and by posttranslational modifications such as phosphorylation (14, (17) (18) (19) . Three major forms of Bim protein, small (Bim S ), large (Bim L ), and extra-large (Bim EL ), can be generated by alternative mRNA splicing (20, 21) . Although the expression of Bim L predominates at the protein level, Bim S exhibits the highest proapoptotic activity (20) . Exactly how Bim performs its proapoptotic function is still debated, but ectopic expression of Bim is sufficient to induce a drop of mitochondria membrane potential and development of apoptosis in a Bak-and Bax-dependent manner (22, 23) in different cells, including T lymphocytes (4) . Several studies support a model suggesting that Bim promotes apoptosis through binding to and inhibition of antiapoptotic proteins of the Bcl-2 family (24, 25) . Activation of mixed lineage kinases͞ c-Jun N-terminal kinases (18, 19, 23) , as well as inactivation of Ras͞mitogen-activated protein kinase (17, 19) , extracellular signal-activated kinases (26 -28) , or phosphatidylinositol 3-kinase͞Akt signaling (29 -31) pathways have been shown to account for Bim induction or activation in the course of anoikis, or in response to trophic factor deprivation or other apoptosis inducing signals. In contrast, mechanisms regulating Bim activity in T cells remain enigmatic. Bim binds to the DLC1͞LC8 chain of the dynein motor complex and may be activated after release from this interaction (32) . However, it has been reported that most of Bim expressed in nonapoptotic T cells localizes in mitochondria (25) and, therefore, the precise role of Bim interaction with DLC1͞LC8 remains unclear.
Here, we demonstrate that Bim is up-regulated after TCR triggering in human T cells and provide evidence that strongly implicates Bim as a mediator of DR-independent AICD.
Materials and Methods
Cell Lines and Cytotic T Lymphocyte (CTL) Clones. C1R͞A11, an Epstein-Barr virus-transformed lymphoblastoid cell line deficient in the expression of endogenous MHC class I alleles and transfected with a pHEBO vector-based HLA A11 expression vector, was maintained in RPMI medium1640 supplemented with 100 g͞ml streptomycin, 100 units͞ml penicillin, and 10% FCS (standard medium) with 400 units͞ml hygromycin B (33) . The generation and characterization of HLA A11-restricted CTL lines and clones derived from Epstein-Barr virusseropositive donors BK (BK bulk, BK250 and BK289) and EA (EA44-10) and specific to Epstein-Barr virus nuclear antigen 4-derived peptide epitope IVTDFSVIK (IVT) were described (34) (35) (36) .
Abs and Reagents. The following Abs were used in the study: polyclonal rabbit anti-Bcl-X L Ab (BD Pharmingen), polyclonal rabbit anti-Bim͞BOD Ab (StressGen Biotechnologies), Bcl-2-specific mAb (clone Bcl-2-100, Zymed), anti-FKHRL1 (Fox03) was purchased from Upstate Biotechnology (Lake Placid NY), and phospho-FKHR (Thr-24)͞FKHR (Thr-32) was purchased from In Vitro Sweden AB, Stockholm. The CD3-specific Ab OKT3 was purified from cell culture supernatants of the relevant hybridoma (ATCC catalog no. CRL-8001). Cyclosporin A (CsA), ionomycin, 12-O-tetradecanoylphorbol 13-acetate (TPA), and RO32-0432 were purchased from Sigma, FK506 and rapamycin from Calbiochem, recombinant IL-2 from PeproTech (Rocky Hill, NJ), and LY294002 and PD98059 were from Cell Signaling Technology (Beverly, MA).
Peptides synthesized by the Merrifield solid-phase method were purchased from Alta Bioscience (Birmingham, U.K.) and were purified by HPLC on SuperPac Pep-S 5-mm columns (Pharmacia, Uppsala). The peptides were dried by using SpeedVac (Pharmacia) and were dissolved in DMSO at a concentration of 1 ϫ 10 Ϫ2 M, as determined by Biuret assays.
T Cell Stimulation and Monitoring of Cell Death. C1R͞A11 cells, which were unpulsed or pulsed with synthetic peptides at the indicated concentrations, were incubated for 1 h at 37°C, irradiated with 4,000 rad, were extensively washed, and were mixed with 3-4 ϫ 10 6 CTLs in round-bottom tubes at an effector-:stimulator ratio of 10:1. The mixed cells were then centrifuged (5 min at 300 ϫ g) to help conjugate formation, and were incubated for 1 h at 37°C. Ionomycin, TPA, or the indicated inhibitors of signaling pathways were added as indicated, and cells were cultured at a cell density of 1.5 ϫ 10 6 ͞ml for the indicated periods of time at 37°C in a CO 2 incubator. Recovery of living cells was evaluated by the Trypan blue exclusion method or fluorescence-activated cell sorter analysis as described (36) .
Peripheral blood mononuclear cells were isolated from the blood of healthy donors by density gradient centrifugation. Plastic dishes were coated with purified OKT3 Ab (10 g͞ml in PBS). Peripheral blood mononuclear cells were resuspended in complete medium at a cell density of 1 ϫ 10 6 ͞ml and activated during a 24-h period. Control samples were incubated in dishes coated with total mouse Ig.
Analysis of Protein Expression by
Immunoblotting. CTLs incubated with C1R͞A11 cells that were unpulsed or pulsed with the indicated synthetic peptides were lysed in electrophoresis sample buffer (1 ϫ 10 5 cells in 10 l). Cell lysates were separated by SDS͞PAGE. The gels were blotted onto nitrocellulose filters, which were then incubated with the indicated specific Ab diluted 1:1,000 in PBS containing 5% skim milk. After incubation with anti-rabbit horseradish peroxidase-conjugated Abs, the blots were visualized by SuperECL (Amersham Pharmacia Biotech, Little Chalfont, U.K.). Images were acquired on a Fuji Film PhosphorImager by using Las-100Pro IMAGEREADER VER 2.1 software and analyzed by using SCIENCELAB'98 IMAGE GAUGE VER 3.4X image analysis software.
Cytometric Analysis of Mitochondrial Transmembrane Potential (⌬⌿m).
To measure ⌬⌿ m in specific CTLs, BK289 cells were activated with control or peptide-pulsed (1 ϫ 10 Ϫ7 M) irradiated (4,000 rad) C1R͞A11 cells for 24 h, were incubated with DiOC 6 (40 nmol͞liter in PBS) at 37°C for 30 min (37), and were then analyzed by fluorescence-activated cell sorter analysis by using FACScan and CELLQUEST software (Becton Dickinson). Dead cells were excluded from the analysis by using positivity for propidium iodide staining or were based on forward-and side-scatter characteristics.
Results

Expression of Bim Is Up-Regulated in Human T Cells in Response to
TCR-Triggering. To analyze regulation of Bim activity in T lymphocytes, we monitored expression of Bim in CTL clones and lines specific for the Epstein-Barr virus nuclear antigen 4-derived HLA A11-restricted peptide epitope IVT after coculture with IVT-peptide-pulsed or control C1R͞A11 cells. Immunoblotting revealed up-regulation of two forms of Bim protein apparently corresponding to Bim L (Ϸ25 kDa) and Bim S (Ϸ16 kDa) in specifically activated CTLs (Fig. 1A) . Analysis of data from independent experiments demonstrated that the Bim L :Bim S ratio was stable for a given cell line or clone. CD3 crosslinking led to slight up-regulation of Bim L in freshly isolated CD8 ϩ but not in CD4 ϩ T lymphocytes (Fig. 1B ) and strong induction of Bim expression in T cell lines established from phytohemagglutinin-activated lymphocytes of healthy blood donors (Fig. 1C) . These data showed that the effect of TCRtriggering on Bim expression is more pronounced in chronically activated T cells.
Induction of Bim Expression by Peptide Ligands with Different Agonistic Potency.
We have previously shown that triggering with IVT-pulsed antigen-presenting cells (APCs) induces Fasmediated AICD in the IVT-specific CTL clone BK289. In contrast, death of the same clone after activation with an analogue of IVT carrying the F to Y substitution in the position 5 of the peptide [IVTDYSVIK (Y5) peptide] occurs in a Fas͞FasL-independent manner and does not involve other DRs (36) . Another analogue of IVT carrying the I to A substitution in position 8 (A8 peptide) is comparable to Y5 in stimulating specific CTL lysis of peptide pulsed HLA A11ϩ target cells but it does not induce death in BK289 CTLs (35) .
We used this experimental model to study the involvement of Bim in DR-independent AICD. As shown in Fig. 2A , no significant cell loss was observed in BK289 CTLs 24 h after triggering with the A8 peptide. In contrast, the recovery decreased by Ϸ50% and 30% in CTL cultures stimulated with IVTor Y5-pulsed APCs, respectively. This correlated with strong Bim up-regulation that was observed after 14 h of activation in IVT-or Y5-but not in A8-stimulated CTLs (Fig. 2B) . 24 h after triggering in IVT-stimulated BK289 cultures. In contrast, the Fas-independent apoptosis triggered by Y5 proceeds with a slower kinetics and reaches its maximum between 24-48 h after triggering (36) . Kinetic analysis of Bim expression in BK289 cells demonstrated that IVT induces maximal levels of Bim Ϸ12-16 h after stimulation (Fig. 3A) , whereas Bim expression in Y5-stimulated CTLs reaches higher absolute levels but with a slower kinetics having its maximum between 24-48 h after stimulation, which correlates with the slow kinetics of DRindependent apoptosis in these cells.
The relative levels of antiapoptotic and BH3-only proteins of the Bcl-2 family regulate initiation of apoptosis mediated by Bax-like family members (38) . Expression of Bcl-2 does not significantly change in response to either IVT-or Y5-mediated triggering, whereas expression of Bcl-X L is inducible in BK289 cells (36) . The Y5 peptide was less efficient than IVT in mediating Bcl-X L up-regulation in BK289 cells at all tested time points after triggering (Fig. 3A) . More importantly, the Bim-:Bcl-X L ratio was significantly higher in Y5-stimulated cells and reached its maximum at 24 h after activation (Fig. 3B ), which coincides with the peak of cell death in response to Y5-mediated stimulation (36) . Notably, Bcl-X L was revealed as a doublet of closely migrating bands in Y5-stimulated BK289 cells, whereas the slower migrating form of Bcl-X L was less apparent after IVT-mediated triggering, suggesting that a larger proportion of Bcl-X L may undergo posttranslational modifications in response to signals induced by partially agonistic, as compared with fully agonistic, peptide ligands.
Mitochondria Membrane Potential Is Differentially Regulated in IVT-
or Y5-Stimulated CTLs. Relative levels of pro-and antiapoptotic proteins of the Bcl-2 family affect ⌬⌿ m (39) . To determine whether the differences in the Bim͞Bcl-X L balance observed in IVT-or Y5-stimulated CTLs are translated into differences in the level of ⌬⌿ m , BK289 cells were triggered with peptide-pulsed APCs for 24 h and stained with DiOC 6 dye to monitor changes in ⌬⌿ m (37) . An approximate 2-fold overall increase and a homogeneous shift toward higher intensity of DiOC 6 staining were observed in IVT-stimulated BK289 cells as compared with controls. In contrast, no significant overall increase of ⌬⌿ m was revealed in Y5-stimulated cells and a population of cells with decreased ⌬⌿ m was clearly identifiable (Fig. 4 A and B) . The percentage of cells with low ⌬⌿ m in the R2 region (Fig. 4B) decreased by Ͼ2-fold in the IVT-stimulated cultures but did not significantly change after Y5 stimulation. However, the mean fluorescence intensity of cells in R2 was lower in Y5-stimulated cultures as compared with controls ( Fig. 4 B and C) . Collectively, these data support involvement of Bim up-regulation in DRindependent AICD of specific CTLs.
Activation of PKC and Calcineurin Are Necessary for Bim Up-Regulation Induced by TCR Triggering. To characterize signal transduction pathways involved in regulation of Bim expression by TCR triggering we used RO320432, LY294002, rapamycin, FK506, and PD98059, which specifically inhibit PKC, phosphatidylinositol 3-kinase, mTOR kinase, calcineurin, and MEK1, respectively. At concentrations that block the proliferation of IVTspecific CTLs in response to peptide-pulsed APCs (data not shown), the inhibitors of PKC or MEK1 induced a slight but reproducible up-regulation of Bim expression in nontriggered CTLs cultured for 24 h in the absence of exogenous IL-2, whereas the other inhibitors had no effect (Fig. 5A and data not  shown) . In contrast, up-regulation of both Bim L and Bim S induced by specific activation of IVT-specific CTLs was completely blocked by inhibition of calcineurin (FK506), whereas inhibition of PKC (RO320432) resulted in either very significant (BK polyclonal CTL line) or complete (CTL clone BK250) inhibition of TCR-induced Bim up-regulation (Fig. 5B) . Consistent with the requirement of both PKC activation and Ca 2ϩ influx, Bim expression was significantly induced by the combination of ionomycin and TPA and was only slightly up-regulated by each reagent (Fig. 5C ). In the presence of TPA, Bim L acquired lower electrophoretic mobility, most likely due to excessive PKC activation leading to posttranslational modifications of Bim.
Inactivation of the PKB͞Akt signaling pathway culminating in dephosphorylation of the forkhead transcription factor Fox03 has been implicated in Bim up-regulation after lymphokine deprivation of T cells (29) (30) (31) . The level of total Fox03 did not change in IVT-stimulated CTLs (Fig. 5D) . Immunoblotting with Abs recognizing Fox03 phosphorylated at Thr-32 and͞or Thr-24 revealed that Fox03 is dephosphorylated at these sites in nontriggered IVT-specific CTLs. Specific stimulation of CTLs resulted in transient Fox03 phosphorylation that could be observed 30 min after T cell activation but was again undetectable 4 h after triggering.
Effect of Immunosuppressive Drugs on TCR-Induced Bim Up-Regula-
tion. Deletion of transplant-specific T cells after costimulatory blockade occurs in the presence of rapamycin, but is blocked by CsA (9, 11) . To test whether the different effects exerted by CsA and rapamycin on in vivo deletion of alloreactive T cells correlate with their different capacity to block up-regulation of Bim after TCR triggering, BK 289 cells were activated by IVT-or Y5 peptide-loaded APCs in the presence or absence of these compounds. To exclude that effects of CsA may be due to the known interference of CsA with the mitochondria permeability transition pore the cells were treated also with FK506, which inhibits calcineurin activation, but does not directly affect mitochondria (40, 41). Up-regulation of Bim expression was blocked in the presence of CsA and FK506. In contrast, rapamycin did not prevent Bim induction after Y5-mediated triggering and up-regulated, at least in some experiments, the level of Bim expression in IVT-stimulated BK289 cells (Fig. 6 A and B) . In agreement with our previously published data, loss of BK289 cells induced by the Y5-mediated triggering was strongly inhibited in the presence of CsA or FK506, whereas these reagents did not affect the level of IVT-mediated cell death. The Y5 peptide weakly induces Fas-dependent apoptosis in BK289 cells and in combination of CsA with FasL-blocking Abs, but not the blocking Abs alone, completely rescued BK289 cells from Y5-induced cell death (ref. 36 and data not shown). Rapamycin did not significantly affect cell death induced by either the IVT or Y5 peptide (Fig. 6C) .
Discussion
Knowledge of mechanisms regulating Bim activity in lymphocytes may be critical for our understanding of immune physiology and pathogenesis. In this study, we show that TCR triggering up-regulates the expression of two major isoforms of Bim, Bim L and Bim S , in human T cells. Studies using IVTspecific CTLs clones, which are activated with variable efficiency by Y5 peptide-pulsed targets (42) , revealed that agonistic potency of the epitope directly correlates with the stability of interaction between the MHC:peptide complex and a given TCR. In BK289 CTLs, the Y5 peptide fails to induce IL-2 production and cell proliferation, whereas it efficiently triggers secretion of tumor necrosis factor ␣ and IFN␥ (42) . This selective activation is sufficient to induce up-regulation of Bim. Less potent altered peptide ligands, represented in this study by the A8 peptide, fail to induce Bim expression and AICD in BK289 cells. However, expression of Bim is not always sufficient to activate a DR-independent apoptotic program, as illustrated by IVT-mediated activation of these CTLs, which die exclusively through Fas-mediated apoptosis, despite up-regulation of Bim. Our data suggest that the proapoptotic activity of Bim is neutralized in IVT-stimulated cells by the concomitant up-regulation of Bcl-X L that does not occur after Y5-mediated triggering. This conclusion is supported by the demonstration that Y5-stimulated cells exhibit significantly higher Bim:Bcl-X L ratios at different time points after triggering and lower mitochondria membrane potential, as compared with IVT-stimulated CTLs (Figs. 4 and 5) . Moreover, in Y5-stimulated BK289 cells, Bcl-X L appears to undergo posttranslational modifications that are less pronounced after IVT-mediated triggering (Fig. 4) . At least some posttranslational modifications are known to inhibit the antiapoptotic activity of Bcl-X L and may contribute to its failure to neutralize Bim in Y5-stimulated cells (43) . Overall, our data are consistent with the notion that relative levels of pro-and antiapoptotic proteins of the Bcl-2 family regulate initiation of DR-independent programs of apoptosis.
Induction of Bim by partially agonistic altered peptide ligands demonstrated in this study may represent a new mechanism of immune escape by antigenic variation. Conceivably, some of the variants of CTL peptide epitopes arising during replication of genetically unstable microorganisms; e.g., HIV, can act in a manner similar to the Y5 peptide and actively suppress specific CTL responses through selective induction of DR-independent AICD.
Experiments with pharmacological inhibitors of various signaling pathways demonstrated that TCR-induced Bim upregulation requires activation of PKC and calcineurin. In agreement, a combination of chemical inducers of PKC and Ca 2ϩ influx was sufficient to cause strong up-regulation of Bim in T cells. Inhibition of PKB͞Akt activity after lymphokine withdrawal has been previously shown to induce Bim up-regulation in T cells resulting from dephosphorylation of Fox03 transcription factor, which directly activates the Bim promoter (29) (30) (31) . Our data indicate that TCR-induced up-regulation of Bim involves other signaling pathways. Although TCR triggering induced transient phosphorylation of Fox03, the overall levels of the transcription factor were unchanged and it was constitutively dephosphorylated in T cells before TCR triggering. These data define another signal and set of regulatory pathways involved in up-regulation of Bim expression.
PKC appears to play a dual role in Bim regulation in T cells. Inhibition of PKC activity in nontriggered T cells resulted in up-regulation of Bim expression, most likely due to the effect of PKC on the activity of phosphatidylinositol 3-kinase and PKB͞ Akt, because addition of exogenous IL-2, which activates these kinases downstream of PKC, inhibited the up-regulation of Bim induced by a PKC inhibitor (data not shown). The opposite effect of PKC inhibition on induction of Bim by TCR triggering indicates that PKC can positively regulate Bim transcription͞ translation but the molecular mechanism of this activity remains to be determined. Both CsA and FK506, which block Ca 2ϩ -dependent activation of calcineurin, prevent TCR-induced Bim up-regulation. This previously unknown effect of the immunosuppressive drugs correlates with their ability to prevent deletion of transplant reactive T cells and establishment of stable tolerance (9, 11) . In contrast, rapamycin, which allows stable graft acceptance, does not affect AICD and does not block induction of Bim. These data are consistent with an important role of Bim up-regulation in T-cell deletion and define Bim as a target gene for approaches in transplantation and induction of tolerance. Conversely, vaccination protocols may benefit from blocking Bim up-regulation induced by specific TCR triggering.
